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ABSTRACT
The goal of this study is to enhance the efficiency of bacterial extracellular electron
transfer (EET) in Shewanella oneidensis MR-1 by enhancing adhesion to the electrode’s surface.
Our results clearly show a major difference in the attachment and behavior of Shewanella
oneidensis MR-1 for Ca2+, Pb2+, Cd2+, and Mg2+, compared to the control. The final microbial
coverage, as measured by confocal microscopy and cathodic peak charge in cyclic voltammetry
(Qpc), increases with increasing metal ion concentrations. We found the cells attached to the
electrode increased more with the addition of metal ion concentrations in the following order of
metals: Ca2+ > Pb2+ > Cd2+ > Mg2+, compared to the control. The effect of metal ions on the
bacteria’s metabolism was tested via riboflavin production and glucose consumption. Metabolic
activity mirrored the same order of the activity as the electrochemical results.
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CHAPTER ONE
INTRODUCTION
In this research, the aim is to investigate whether metal ions enhance the efficiency of
bacterial extracellular electron transfer (EET) in Shewanella oneidensis MR-1 by enhancing
adhesion to the electrode surface for improving the current output of microbial fuel cells.
Adhesion of bacteria has been shown to be affected by metal ions. In this work, the
electrochemical behavior is investigated by the variation of metal ions such as Ca2+, Pb2+, Cd2+,
and Mg2+ and their concentrations. This chapter provides a review of the field of MFC and
previous work on metal ions.
Microbial fuel cells (MFCs)
Among modern research communities, energy requirement is one of the extremely
important topics that is progressively predominant and is of global interest. Microbial fuel cells
(MFCs) constitute one of the modern, effective alternative energy sources.1-2
MFC is an interesting field of science and technology. The field of MFCs is the
combination of physical and biological catalytic redox activities.3 Recent studies on the
development of MFCs have predominantly focused on the enhancement of power output, which
can achieved by the design change of MFCs to surmount barriers of charge (electrons/protons)
transport. Alternatively, the power output of MFCs can be enhanced via the increase in the
surface area and modification of electrodes.1, 4

1

5

2

In 1910, Potter established the initial concept of MFCs. MFCs are bioelectrochemical
devices that use bacteria as the catalysts to convert the chemical energy of a fuel (such as organic
compounds) to electrical energy under anaerobic conditions.3, 5-7 In MFCs, bacteria oxidize a
substrate and generate a potential via the transfer of electrons to the electrode. The current
generation of MFCs has been reported to be dependent on the bacterial cell concentration and
electrode surface area.8-10
Microbial fuel cells components
Figure 1 shows the schematic of a typical MFC for producing electricity. MFCs comprise
anode and cathode chambers, separated by a proton-exchange membrane (PEM), such as Nafion.
The anode, or the anaerobic chamber, comprises an electrode, metal-reducing microorganisms
(see below), and a substrate. The cathode, or an aerobic chamber, comprises an electrode, an
electron acceptor, and a catalyst.11-13
In the anode chamber of the MFC, metal-reducing microorganisms oxidize the substrate
and produce electrons and protons.5, 14 The electrons are collected by the anode and flow from
the anode via an external circuit to the cathode chamber. The protons pass through the PEM or a
salt bridge to the cathode chamber.7, 15-17 The PEM permits the flow of protons to the cathode
while simultaneously blocking the diffusion of oxygen into the anodic chamber.1, 5 The protons
and electrons reacting in the cathode combine with oxygen to form water. A platinum catalyst is
typically used to catalyze the reduction at the cathode. Alternatively, an oxygen reducing
microorganism can replace such an expensive catalyst.13, 17-19
An example of the anodic and cathodic reactions is as follows:17, 20

Anodic reaction:

CH$ COO + 2H) O → 2CO) + 7H + 8e

(E°¢= -0.29)

3
(1)

Cathodic reaction:

O) + 4e& + 4H , ⟶ 2H) O

(E°¢= +0.82)

(2)

&

,

&

The standard reduction potentials (E°¢) above have indicated that the redox reaction of
the combined 1 and 2 reactions have a maximum attainable MFC potential of +1.11 V at pH7.17,
20

This means that energy is released. The potentials achieved to date remain below 0.62 V

during the generation of a current.20

Figure 1. Schematic of a typical microbial fuel cell (MFC) comprising two chambers (i.e., anodic
and cathodic chambers, respectively), a proton-exchange membrane (PEM), and external
resistance (R) applied for producing electricity.17
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Table 1 summarizes the description of the basic components of the MFC and materials
used for construction.
Table 1. Basic components of microbial fuel cells.5
Items

Materials

Remarks

Anode

Carbon paper, carbon cloth, Pt, Pt

Necessary

black, graphite, graphite felt.
Cathode

Carbon paper, carbon cloth, Pt, Pt

Necessary

black, graphite, graphite felt.
Anodic chamber

Polycarbonate, Plexiglas, glass

Necessary

Cathodic chamber

Polycarbonate, Plexiglas, glass

Optional

Proton-exchange

Nafion, Ultrex, porcelain septum, salt

Necessary

system

bridge, or only electrolyte.

Electrode catalyst

Polyaniline, Pt, Pt black, Fe3+, electron

Optional

mediator immobilized on anode.

Microbial fuel cell applications
In recent decades, a MFC system can be used for different applications, including
electricity generation, biohydrogen production, and wastewater treatment, as well as biosensor.
Electricity generation
Electricity generation is the most commonly studied application of MFC technology.
Bacteria can be used in an MFC to generate electricity via the converting of chemical energy

stored in a chemical compound to electrical energy.

21-22
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The first step toward the current

generation in MFCs is the adjustment of electrochemically active bacteria in the anode chamber.
Thus, the bacteria in the anode chamber form a conductive biofilm on the electrode surface.23-24
The production of a biofilm by bacteria is a characteristic that varies from other bacteria or
microorganisms. The assembly of adhesives promotes the biofilm formation on the electrode
surface from the single bacterial cell.25-26
Biohydrogen production
In addition, MFCs can be used in the form of hydrogen for energy sources. MFCs can be
easily adjusted to generate hydrogen gas (H2) instead of electricity generation. An external
potential is applied to increase the cathode potential in the MFC circuit. In this mode, under
anaerobic conditions, protons and electrons formed by the anodic reaction move to the cathode
and produce hydrogen.22, 27-29
Wastewater treatment
As an energy source, wastewater demonstrates considerable potential due to the rich
variety of organic compounds.30-31 MFC technology can be used for wastewater treatment due to
the use of wastewater as a substrate by bacteria. At the same time, the end products of the
oxidation, i.e. electrons and protons, can generate sustainable bioelectricity.32 In the late
nineteenth century, Habermann and Pommer used MFCs for about 5 years of continuous
wastewater treatment.33 Different wastewaters, including sanitary wastes, food-processing
wastewater, and swine wastewater, have been reported to provide energy in the form of
biodegradable organic matter that can fuel MFCs.5, 22, 34
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Biosensors
Batteries exhibit a limited lifetime and must be changed or recharged. In contrast MFCs
can be continuously be utilized as power source. Thus, MFCs are suitable for powering
electrochemical sensors. MFCs can be small telemetry systems used to transmit the obtained
signals to remote receivers.35 MFCs have been reported to be effective biosensors for organic
compounds and contaminants for wastewater sensing.36-37 MFCs can be possibly used as
biological oxygen demand (BOD) sensors. In addition, MFC-based BOD sensors have been
reported to exhibit extreme operational sustainability and reproducibility and continuous
operation for 5 years.22
Electrochemically active bacteria
More than 100 years ago, the ability of a microorganism to create an electrochemical
potential was discovered.38 The ability to transfer electrons to extracellular electron acceptors has
been reported to occur naturally in several microbes.39 In an anaerobic environment, bacteriamediated metal reduction is an important biogeochemical process. Metal-reducing bacteria can
transfer electrons generated during respiration to an electron acceptor, such as Fe(III).40
The Shewanella group is an example of metal-reducing bacteria.41 Thus far, several
bacterial organisms have been used in MFCs. Recently, MFCs have been developed by the two
main groups of iron-reducing bacteria: Shewanella and Geobacter.42 Extracellular electron
transfer (EET) mechanisms in Shewanella and Geobacter have been examined.43
The following bacteria from the Shewanellaceae family have been examined: Shewanella
oneidensis MR-1,44 Shewanella frigidimarina,44 Shewanella oneidensis MR-4,45 Shewanella
putrefaciens W3-18-1,46 Shewanella putrefaciens IR-1,8 Shewanella putrefaciens SR-21,8

47

48

7

Shewanella loihica PV-4, Shewanella decolorationis NTOU1, Shewanella japonica KMM
3299,49 Shewanella frigidimarina NCIMB40050 and Shewanella marisflavi EP1.51
In our research, Shewanella oneidensis MR-1, which is a typical rod shaped bacterium, 23 µm in length, and 0.4-0.7 µm in diameter,52 is utilized (Figure 2). Shewanella oneidensis MR1 was first isolated in 1988 from Lake Oneida, NY, and it was identified in a various
environments, including soil, sediments, water column, and clinical isolates.53-54

Figure 2. Scanning electron microscopy image of Shewanella oneidensis MR-1.55
Shewanella oneidensis MR-1 1 is a gram-negative bacterium, previously referred to as
Shewanella putrefaciens MR-1.53 Gram-negative bacteria stain red due to a thinner
peptidoglycan layer during decoloring; hence, these bacteria do not retain crystal violet.56
Gram-negative cells contain three layers (Figure 3). The first layer comprises an inner

8
membrane (IM), which is also known as the cytoplasmic membrane (CM). The second layer
comprises a peptidoglycan layer within the periplasmic space, which is outside the cytoplasmic
membrane. The peptidoglycan is located between the outer and inner membranes. Several
membrane proteins, known as lipoproteins, form a special chemical union between the outer
membrane and peptidoglycan layer of gram-negative cells. Lipoproteins contain lipid tails that
are deeply inserted into the hydrophobic domain of the membrane. A portion of the protein is
linked to the peptidoglycan layer by either covalent or electrostatic bonds. The third layer is the
outer membrane (OM) containing porins, which permit the movement of small molecules
through the membrane.57-60

Figure 3. Representation of a gram-negative cell envelope structure, comprising an outer
membrane bound by lipoproteins to a thin peptidoglycan layer. The peptidoglycan layer is
present within the periplasmic space that is created between the outer and inner membranes. The
outer membrane comprises lipopolysaccharide molecules that extend into the extracellular space
and porins.61
The external membrane surface is filled with lipopolysaccharides (LPS), which extend
into the extracellular space and O-antigens.57, 60 LPS molecules comprise two main regions:
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polysaccharide and lipid regions. The polysaccharide region comprises two parts: core
oligosaccharide and O-antigens. The schematic in Figure 3 shows the lipid region, indicated as
lipid A.57, 62 LPS exhibit high-affinity binding sites on the surface of gram-negative bacteria for
divalent cations.63 Metal ions bind to extracellular polysaccharides (EPS) and can affect their
adhesion mechanism. Negatively charged groups in O-antigen species have been reported to
mediate Ca2+ dependent cell adhesion.64-65
Respiration pathway of Shewanella oneidensis MR-1
The Shewanella oneidensis MR-1 belongs to a specific class of microorganisms that
exhibit a unique ability to transfer electrons from its metabolic pathways to extracellular
minerals.66 Shewanella oneidensis MR-1 cell comprises outer membrane (OM) cytochromes.
Cytochromes on the cell surface can facilitate the direct transfer of electrons to electron
acceptors.39, 67-69 Shewanella oneidensis MR-1 is a facultative microbe, implying that it can grow
in an environment in the presence or absence of oxygen.70-71
Under anaerobic conditions (in the absence of oxygen), glucose is converted to two
pyruvate molecules in cytosol (glycolytic cycle), generating either ethanol or lactic acid (Figure
4). Ethanol production occurs by fermentation. Meanwhile, under aerobic conditions (in the
presence of oxygen), the microbe uses an aerobic electron-transport pathway. Respiration mainly
occurs in the mitochondrion, producing up to 38 Adenosine triphosphate (ATP) molecules per
glucose and two pyruvate molecules (Figure 4). Oxygen is the terminal electron acceptor,
producing water.72
These processes can be harvested for energy. The respiratory chain (Figure 5) process in
the microbial fuel cell has a maximum potential of ~1.11 V (see above). The maximum available
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potential, on the other hand, is estimated to be about 0.49 V, while the remaining energy (0.62
V) can be used for electricity generation in an MFC.17, 20, 24 The typical output of microbial fuel
cells using Shewanella is in the range of 0.1–2 µA/cm2.48, 73-76

Figure 4. Schematic showing cellular respiration and fermentation. Pyruvate is the “fork” in
metabolic pathways. Typically, pyruvate goes through one of these two pathways in a facultative
anaerobe (which is capable of aerobic cellular respiration and fermentation) depending on the
presence or absence of oxygen.72
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Under anaerobic respiration, bacteria use a transmembrane electron-transfer pathway,
transporting electrons from the cell interior to the extracellular surface (Figure 5). Genetic and
biochemical studies have revealed that under anaerobic conditions, respiration can deliver
electrons to Fe(III) oxides or anodes.9

Figure 5. Respiration pathway of Shewanella oneidensis MR-1. There are main components of
the electron-transfer pathway through a series of intermolecular electron transfers. Electrons are
derived from lactate to an anode via the Mtr pathway. The route for the electrons starts from
menaquinol to CymA, from CymA to MtrA, and from MtrA through the MtrB pore membrane to
MtrC. Electrons are transferred from MtrC to the extracellular space. In Shewanella oneidensis
MR-1, CymA accepts electrons from menaquinol. In Escherichia. coli, NapC accomplishes this
task. 77
L-lactate dehydrogenase oxidizes L-lactate to pyruvate in the cytosol, which is converted
to formate and acetate. The produced lactate transfers electrons from the cytosol to the inner
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membrane (IM) cytochrome CymA. Electrons are transferred from CymA to the periplasm
(MtrA) via menaquinol (MQH2) and from MtrA to the extracellular surface (MtrC and OmcA) in
the outer membrane (OM). From MtrC and OmcA, electrons can be transported to terminal
electron acceptors via redox shuttles (e.g., flavins) or by direct contact by proteins on the cell
surface (e.g., MtrC and OmcA).77 This pathway permits cell respiration via the exchange of
electrons with solid minerals instead of oxygen or metallic electrodes. In the process, due to the
flow of electrons through electrodes, cells produce electrochemical currents.66
Extracellular electron-transfer mechanisms of Shewanella oneidensis MR-1
Different microorganisms have developed variable electron-transfer mechanisms to
complete respiration via an extracellular pathway.78 Three electron-transfer mechanisms from the
microbe to the electrode surface exist (Figure 6).17, 79-80
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Figure 6. Schematic showing the role of three extracellular electron-transfer mechanisms at the
anode. (a) Direct electron transfer via the outer membrane cytochromes. (b) Electron transfer via
electrically conductive “nanowires” (pili). (c) Indirect electron transfer by mediated electron
transfer via redox shuttle mediators.80
Direct electron transfers by c-type cytochromes
Figure 6(a) shows the first direct electron-transfer mechanism by the physical/electrical
contact between the bacterial cell membrane and anode substrate. This mechanism requires the
microorganisms to contain OM redox macromolecules, e.g., cytochromes. A cytochrome enables
the transfer of electrons to the anode surface.80 Metal-reducing bacterium Shewanella
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putrefaciens MR-1 has been reported to contain cytochromes in its outer membrane (OM). Under
anaerobic conditions, in the absence of terminal electron acceptors, these electron charge carriers
(i.e., cytochromes) can generate an anodic current.81-82
The c-Type cytochromes (CTCs) are typical heme-containing proteins in metal-reducing
bacteria. CTCs have been considered to be one of the most effective electron-transfer strategies
for the production of current by electrochemically active bacteria. Cytochromes comprise a large
family of proteins. Most of these proteins contain c-haem cytochromes, referred to as
cytochrome-c (cyt-c). Cytochrome-c comprises iron coordinated by protoporphyrin IX, which is
covalently linked to a peptide by thioether bonds (Figure 7(a)). These bonds typically arise from
the binding of Cys-His amino acids, providing a histidine axial ligand to the haem iron. The axial
position of histidine amino acid ligands maintains the correct direction of the cytochromes
(Figure 7(b)).
Correct orientation requires the rapid transfer of electrons between two or more c-haems
(multiheme proteins) that are arranged to get adjacent iron within a distance of 15.5 A° from
each other. These c-haems support the rapid electron transfer (ET) via a series of intraprotein
electron transfer steps, involving the ferric/ferrous redox couple.83
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Figure 7. Diagram showing (a) two types of haem found in biological systems, i.e., haem b and
haem c, respectively, where haem c includes covalent thioether linkages to the protein. (b) haem
c binding through the Cys–His binding motif (providing the proximal axial histidine ligand) and
with histidine as the distal axial ligand.83
Shewanella oneidensis MR-1 contains 42 generally considered c-type cytochromes.84-85
Five c-type cytochromes can be expressed : OmcA, MtrC/OmcB, MtrD, MtrA, and MtrF.86 MtrC
and OmcA are two decaheme c-type cytochrome lipoproteins, which are known to be terminal
extracellular reductases of Shewanella oneidensis MR-1. MtrC and OmcA play an important role
in the direct electron transfer (DET) mechanism.39, 87
Electron transfer by conductive nanowires
Figure 6(b) shows the second mechanism of the direct electron transfer via conductive
nanowires (pili). Some microbes have been reported to develop electronically conducting
nanowires to create physical or electrical connections with an electrode.80 Pili are referred to as
microbial nanowires. Bacterial nanowires have found in Shewanella oneidensis MR-1 and some
other bacteria.85, 88 These pili are long proteinaceous filaments of 1 µm, extending from its outer
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surface to the extracellular matrix. These pili can participate in extracellular electron transport
mechanisms, due to their long filament-like structure and conductive properties. Msh-pili, type
IV pili, and flagella are found in Shewanella oneidensis MR-1. Type IV pili play a key role in
adhesion between the bacterial species and electrode surface.2, 85
Indirect electron transfer via electron shuttles
Figure 6(c) shows the third mechanism of indirect electron transfer through mediators.
Mediated electron transfer (MET) can be either via the added (exogenous) soluble redox or
secreted (endogenous) mediators. Any electron mediator must satisfy the following
requirements. First, it must exhibit physical contact with the electrode surface. Second, it must
exhibit electrochemical activity. Third, it must contain a standard potential similar to the redox
potential of the substrate.80 Soluble mediators are recycled by simultaneous reduction (accepting
electrons from the cell) and oxidation (donating electrons to anode), which can be achieved in
MFCs. When the reduced form of the shuttle comes into contact with an appropriate catalytic
substrate such as the anode, the electrons are passed to suitable external acceptors, such as
insoluble Fe(III) oxides or the MFC anode. Hence, the addition of exogenous electron shuttle
compounds leads to the improved current production in MFCs.89-90
Shewanella oneidensis MR-1 and Geobacter sulfurreducens predominantly produce two
flavin molecules: riboflavin (RF) and flavin mononucleotide (FMN). These molecules are
considered to serve as electron shuttles to the electrode, which function as cofactors for
cytochromes such as OmcA and MtrC. FMN comprises the binding sites for MtrC, whereas RF
serves as a cofactor for OmcA. RF-OmcA and FMN-MtrC increase the enhancement of the
electron transfer to the electrode surface.13, 25
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Instead of exogenous mediators, endogenous redox mediators can act as shuttles, which
are secreted by the bacteria itself as secondary metabolites.80, 91 Pseudomonas, Lactobacillus, and
Enterococcus have been reported to produce endogenous electron shuttles, such as phenazines in
the case of Pseodomonas aeruginosa, which promote the transfer of electrons to the anode. In
addition, this same electron shuttle mechanism has been reported for Shewanella oneidensis in
extracellular Fe3+ reduction. Expression of natural mediators, such as pyocyanin and riboflavin
(RF), is an energy-intensive process that is generated by bacteria under strain.81
Strategies for the efficiency improvement of extracellular electron transfer
Extracellular electron transfer efficiency is a key topic in MFCs. Several strategies exist
for the improvement of the extracellular electron transfer efficiency and MFC power output.
As described above MFC efficiencies are affected by electrode modification,92 anode
structure design,93 cell configuration,94 electrolyte compositions,95 and nutritional substrates.70
Electrolyte composition is a key factor and can affect various aspects of MFCs, including
power output, surface attachment, and biology. Environmental factors, such as pH, metal ions,
among others, have been used to enhance performance due to their cost-effectiveness and
operational ease. Some electrochemically active bacteria prefer alkaline electrolytes,96 whereas
others can function in an acidic environment.97 Electrolyte pH optimization is key for the
development of MFC performance.98
Effects of electrolyte composition on microbial fuel cell power output
Metal ions such as Fe3+, Ca2+, Cu2+, Cd2+, and Na+ have been reported to enhance the MFC
activity.99 For example, Wu et al.100 have reported that the addition of 10 mM Fe3+ to Shewanella
oneidensis MR-1 solution leads to a minimal 1.1 times increase in power output of

MFCs compared to the control. Kim et al.
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3+

have reported that the addition of 100 mM Fe in

the leads to the 80% increase in the power output of MFCs. Furthermore, Fitzgerald et al.102 have
reported that the addition of Ca2+ at the concentration of 1.4 mM increased the current density by
more than 80% in Shewanella oneidensis MR-1. In addition, heavy metals can increase power
output. As an example, Xu et al.99 found that the addition of 5-6 nM Cu2+ and Cd2+ increased the
power output of MFCs by 1.3-1.6 times.
One possibility is that metal ions have non-specific effect solution properties. Metal ions
are known to increase the conductivity of electrolytes, decrease their internal resistance, and
increase the power output of MFCs.103 Electrolyte concentrations (related to ionic strength)
affect the MFC power output. Liu et al.104 have reported that the addition of Na+ leads to the
improved MFC power output via the increase in the solution ionic strength from 100 to 400 mM.
Lefebvre et al.105 observed that Na+ (20 g L-1) improved the maximum power output of MFCs by
30%.
Effects of electrolyte composition on surface attachment
Outside of MFC research, electrolytes have been reported to affect surface attachment.
The classical Derjaguin–Landau–Verwey–Overbeek (DLVO) theory has been applied to
describe bacterial adhesion to different surfaces. DLVO is a model that describes for electrostatic
repulsion and van der Waals attractive (VA) forces between a cell and a flat surface. The
repulsive interaction from the electrical double layer (VR) is due to the negative charge of the
cells and substrate.
𝑉232 = 𝑉5 + 𝑉6
𝑉5 = −

58
9:

(3)
(4)
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Where A is the Hamaker constant, which describes the strength of the VA interaction between two
particles, or between a particle and a substrate, d is the separation distance between the cell and
the substratum, and r is the cell radius.
The double-layer interaction is the result of the interactions between charged molecules,
and the presence of surrounding ions strongly impacts its strength and range.106 The species of
opposite charge are attracted to a charged surface, while species of the same charge are repelled,
thus forming a compact region close to the surface and a loose region away from the surface. The
double-layer consists of a Helmholtz or Stern layer and a diffuse layer. The Stern layer is a layer
of ions that are bound to the surface and to form a compact layer, whereas the diffuse layer is
made up of ions that are loosely free ions that are affected by the electrostatic force of the
charged surface.106-107
The electric double layer can be related to the surface potential 𝛹, the distance between
the cell and the surface d and the Debye length κ, as shown in the equation (5):
𝑉6 ∝ Ψ ) 𝑒 &?:

(5)

The inverse Debye length, 1/κ, which for an electrolyte is defined in the equation (6):
𝜅=

)AAAB C DE F
GGH ?2

(6)

where NA is Avogadro’s constant, C is the concentration (in mol 1-1) of the ions of the
electrolyte, 𝜀 is the dielectric constant of the solution, 𝜀A is the dielectric permittivity of free
space, k is the Boltzmann constant, e is the electronic charge, and T is the absolute temperature.
The inverse Debye length values depend on ionic strength (I).
There are a range of laboratory studies on the effect of electrolyte concentration on
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compressing the double layer and the causes of bacterial adhesion. Natural surfaces have a net
negative charge106, 108 and the net charge of bacteria is negative as well.106, 109 Consequently, at
high ionic strength, the double-layer interaction is compressed.106, 110 The presence of metal ions
in a solution leads to the passive increase in the bacterial attachment to soil surfaces.111 Research
has revealed that the electrolyte affects bacterial adhesion to Teflon,112 metal surface
wettability,113 hydroxyapatite,114 glass, and metal oxide63 surface by increasing the ionic
strength.63 Choi et al.115 have investigated the attachment and detachment of bacteria under
various ionic strengths by using a quartz sand surface. McEldowney et al.116 have been studied
the effect of physicochemical factors that affect the adhesion of bacteria onto a polystyrene
substrata.
It was suggested that an ion compresses the double layer, making it easy for the microbes
to approach the electrode and attach to the surface.117 This consists of a non-specific impact of
the metal ion on bacteria adhesion.
Effects of electrolyte composition on biology
Biological effects have been reported for electrolytes such as metal ions. Metal ions can
affect the adhesion of bacteria to a surface in different species, such as Shewanella oneidensis
MR-1. Ca2+ binding proteins impact cell-cell aggregation.64, 118 The association of Ca2+ with
Shewanella oneidensis MR-1 has been reported to affect extracellular electron transfer due to the
presence of Ca2+ ions near cytochromes as observed in the recent crystal structure of MtrF. One
of these Ca2+ has been located close to heme 3 in the crystal structure.119-120 Ca2+ and Mg2+ can
affect bacterial adhesion and biofilm formation via the effects on electrostatic interactions and
physiology-dependent attachment processes.121-122 Ca2+ and Mg2+ are attracted to the negative
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charge of the of the bacterial cell wall. These metals are strongly bound, and there is only a small
portion of metal ions remain in the solution.123
Lipopolysaccharide (LPS) has been reported to contain high-affinity binding sites for
divalent cations on a gram-negative bacterial surface.63 It has been suggested that negatively
charged groups in the O-antigen are able to mediate Ca2+ dependent cell adhesion as well.64-65
These extracellular polysaccharides (EPS) play an important role in mediating the surface
bacterial colonization and cell adhesion.124 Bacterial metabolism has been observed to affect the
adsorption of Cd2+ on cell-wall functional groups. Cd2+ binding occurs at a great distance from
the inner plasma membrane of gram-negative cells.125 Xing et al.126 have found carboxyl and
phosphate groups are predominantly responsible for the adsorption of Cd2+ on bacterial cells and
affect the affinity between the bacterial cells and metal ions.
Microbial-driven electrochemical enhancement by metal ions may be offset by toxic
biological effects. Metal ions tend to bind to a sulfhydryl (SH) group inside the cell. Metals can
prevent the activity of sensitive enzymes via binding to the sulfhydryl groups.127 In plants, they
can affect photosynthesis, gaseous exchange, and nutrient absorption of plants. In addition,
heavy metals interact with plant antioxidant levels and reduce the nutritive value of the
product.128

CHAPTER TWO
TECHNIQUES AND METHODS
This chapter provides a detailed description of general electrochemical concepts,
voltammetry, potential step chronoamperometry, and cyclic voltammetry (CV), highperformance liquid chromatography (HPLC), UV–visible double beam spectrophotometer,
confocal microscopy, and scanning electron microscopy (SEM), as well as chemicals, microbes,
and culture conditions, electrochemical cell setup and measurements, and analysis of glucose
consumption and riboflavin production by using HPLC in this Ph.D. project.
General Electrochemical Concepts
Electrochemistry involves the study of chemical changes that occur by the passage of an
electric current and the generation of electrical energy by a chemical reaction. Current results
from the transfer of charges across the electrode–solution interface, which can occur when
species undergo electrochemical reactions on the electrode surface. This process is collectively
referred to as faradaic processes as these reactions are controlled by Faraday’s law. For example,
the extent of chemical reaction caused by the flow of current is proportional to the amount of
electricity passed.129
Electron transfer can occur between molecules or between electrodes and molecules. In
an electrochemical system, energy is applied to a solution in the form of an electrode potential,
subsequently leading to current measurement.

22

23
Generally, the energy available in the electrochemical system depends on the redox potential, as
shown in equation (7):129-130
∆G = −nFE

(7)

where ΔG is the energy applied in joules (coulomb-volts), n is the number of equivalents
(electrons per mole), F is the Faraday constant in coulombs (9.64846´104 C/eq), and E is the
applied voltage (V). The number of equivalents (electrons per mole) is expressed by the
reduction reaction shown in equation (8):
Ox + en ↔ Red

(8)

where Ox is the oxidized species, n is the number of electrons transferred, and Red is the reduced
species.
The electrochemical system comprises two key electrodes. The first electrode comprises
some charge conducting material that can be placed in a conductive media. The second electrode
is connected to a voltage (energy) source. The solution is in equilibrium with the distribution of
ions in the oxidized and reduced states before ΔG (energy) is applied to the electrode surface.131
For an electrode reaction, equilibrium is characterized by the Nernst equation for the equilibrium
potential across an electrode-electrolyte interface.130-131
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where 𝐸 ° is the formal potential, R is the molar gas constant, T is the temperature (K), n is the
number of electrons exchanged, F is Faraday’s constant (96,485.3 C/mol), and CR and CO are the
bulk concentrations.
Some factors can enhance the advantages and disadvantages of electrochemical methods,
including heterogeneity of the solution, rate of the electron-transfer event, and the coupling of
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chemical processes. Most of the voltammetric techniques are based on all of these factors. Cyclic
voltammetry is an extremely popular technique used by most electrochemists.
Voltammetry
Voltammetry comprises a group of electroanalytical methods that provide information
about an analyte, which is obtained by measuring the current as a function of the applied
potential. The current is obtained under conditions that encourage the polarization of an indicator
or a working electrode. Generally, to enhance polarization, working electrodes are
microelectrodes with surface areas of at most a few square millimeters and a few square
micrometers or less in some applications.132 Several voltammetry methods exist, two of which
are employed in this dissertation: chronoamperometry and cyclic voltammetry. A voltage or a
series of voltages are applied to the electrode, and the corresponding flow of current is
monitored.133
Electrochemical Techniques
Potential Step Chronoamperometry
In chronoamperometry, potential is applied to the working electrode. The potential is
stepped from one potential to another; this potential step affords a current, which is monitored as
a function of time.134 Figure 8 shows the basic waveform and current–time curve in potential step
chronoamperometry.135 The initial potential (E1) is maintained constant for a specific time. Then,
the potential is stepped to the final potential (E2), as shown in Figure 8(a). This potential can
cause electrolysis or electrochemical reactions of the electroactive species on the electrode
surface. Therefore, a plot of current as a function of time is obtained (Figure 8(b)).
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Figure 8. Typical input (waveform) potential change as a function of time (a) (output) and
current change as a function of time (b).135
Controlled potential electrolysis (CPE) is an application of chronoamperometry. In CPE,
the working electrode is maintained at a constant potential until the electrolysis of the solution is
completed. If only the oxidized species is present at the start, the potential is then set at a
constant value that is sufficiently negative to cause rapid reduction and is maintained at this
value until only the reduced species is present in the solution. The current is integrated to
calculate the total charge passed during CPE (equation 10).
𝑄=

a
𝐼d𝑡
A

(10)

Where I is the current at time (t), and Q is the charge or number of electrons passed during
electrolysis. This equation also can be expressed as follows:
N = Q/nF
Where (N) is the amount of material electrolyzed in moles, (F) is Faraday’s constant (96,485
Cmol−1), and (n) is the number of electrons transferred per molecule.136

(11)
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Cyclic Voltammetry
Cyclic voltammetry (CV) is the most widely used electroanalytical technique for
investigating electroactive species. CV can be employed for examining a compound, a biological
material, or an electrode surface. Typically, it is employed to observe redox processes of
molecular species over a wide potential range.137-138 In CV, the applied potential is first linearly
scanned from an initial potential to a switching potential, then and then a second switching
potential is applied where the cycle is repeated (Figure 9(a)).

Figure 9. Cyclic voltammetry waveform (a) and a typical cyclic voltammogram (b). Parameters
Epc, Epa and Ipc, Ipa are the potential and current at the cathodic and anodic peaks,
respectively.139
Key parameters in CV include the anodic peak current (Ipa), cathodic peak current (Ipc),
anodic peak potential (Epa), and cathodic peak potential (Epc), as shown in Figure 9b. The
current is measured at the working electrode during the potential scans, and a cyclic
voltammogram is obtained. Reduction begins from the initial potential (a) to the switching
potential (c). In this region, the potential scans negatively to cause reduction, affording Ipc and
Epc at (b). When all of the substrate on the electrode surface is reduced, Epc is reached.
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Oxidation occurs from the switching potential (c) to the initial potential (a). The potential scans
positively to cause oxidation, affording Ipa and Epa at (d). When all of the substrate on the
electrode surface is oxidized, Epa is reached.138
Two experiments in CV include diffusion voltammetry or adsorption on the electrode
surface, respectively (Figure 10).

Figure 10. Types of cyclic voltammetry considered: (a) diffusing voltammetry and (b) adsorbed
voltammetry.140
The peak current dependence on the scan rate for reversible electron-transfer processes is
described by the Randles–Sevcik equation (equation 12).138
if = 2.69×10m n$ ) ADp ) Cνp

)

(12)

where ip is peak current (A), n is the number of electrons transferred, A is the electrode surface
area (cm2), and D is the diffusion constant (cm2/s), C is the concentration of solution species
(mol/cm3), and υ is the scan rate (Vs-1). The peak current (Ip) linearly increases with the square
root of the scan rate υ1/2 (Vs−1) for the diffusing redox species. Ip in the adsorbed species is
directly proportional to the scan rate (Vs−1). One feature of diffusion-controlled cyclic
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voltammograms is the determination of the number of electrons transferred in the electrode
reaction (n) from the separation between the peak potentials (ΔEp), as can be observed by the
following equation:138
∆E = Efr − Efs =

A.Amt
W

(13)

The peak potential is separated and shifted with the scan rate due to the diffusion of the analyte
from the electrode. Notably, the reversibility of the redox couple depends on the selected scan
rate. The peak separation increases in case of a rapid scan rate. Values for the cathodic and
anodic peak currents of a simple reversible rapid redox couple should be identical (equation
14).138
uvw
uvx

=1

(14)

In contrast, the cyclic voltammogram of an adsorbed species should be symmetric with respect to
the I = 0 axis. The width E1/2 = 90 mV at the half-height of the peak.137, 141 The formal reduction
potential (E°) is centered between Epa and Epc for a reversible couple (equation 15).138
E∘ =

zvw ,zvx
)

(15)

where Epa is the anodic (oxidative) peak potential, and Epc is the cathodic (reductive) peak
potential.
High-Performance Liquid Chromatography
High-performance liquid chromatography (HPLC) is an analytical technique employed
for the separation and quantification of a mixture of components. The mixture of components
must be soluble in the liquid phase. The two major modes of HPLC are as follows: normal-phase
HPLC (NP-HPLC) and reversed-phase HPLC (RP-HPLC). In NP-HPLC, the stationary phase is
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more polar than the mobile phase, whereas in RP-HPLC, the stationary phase is less polar than
the mobile phase. Currently, NP-HPLC has been rarely employed, while RP-HPLC is employed
for almost all HPLC separations.142 A typical HPLC instrument comprises a solvent (mobile
phase), a high-pressure pump, an injector, a column (stationary phase), and a detector (Figure
11).

Figure 11. Schematic of high-performance liquid chromatography (HPLC). (a) solvents (mobile
phases); (b) a pump to produce a high pressure; (c) a mixer for the homogenization of mobile
phases; (d) a sample loop; (e) a syringe with a sample; (f) an injector valve; (g) an oven with the
HPLC column; (h) a detector; (i) data acquisition; and (j) sample collection.142
During an HPLC experiment, after the mobile phase is pumped under high pressure, it is
passed through an injector. In the injector, the mobile phase is mixed with the injected sample,
followed by passing through the column. Then, the sample is separated into its components.
Analytes are detected by the detector after their elution from the column. This information is
recorded and processed by a computer. The column effluent is passed to a back-pressure filter
and then to waste.142-143 When the analyte passes through the column, it interacts between the
stationary and mobile phases. The retention time of the analyte varies depending on the
interaction between the molecules being analyzed, the stationary phase, and the solvent, or
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solvent used. The analyte that exhibits the least interaction with the stationary phase separates
first.144-145
The mobile phase comprises a nonpolar solvent, e.g., hexane or heptane mixed with a
slightly more polar solvent such as isopropanol. On the other hand, a strongly polar stationary
phase such as silica gel or alumina (Al2O3) is used.146-147
In RP-HPLC, stationary phases comprise nonpolar alkyl hydrocarbons, e.g., chains of C8 or C-18 attached to silica as well as other inert supports. In fact, more than 60% of LC
applications can be performed on C18 columns.142, 148-149
The two main HPLC pumps are as follows: constant pressure and constant flow pumps.
Constant flow pumps have been widely used in HPLC applications because constant pressure
pumps may change the flow rate, leading to the lack of accurate data and producing baseline
noise. The mobile phase must be filtered and degassed before entering the pump as the pumping
operation can be affected by any particulate matter and bubbles. Pumps are required to pump
solvents at high pressure through the column under a constant, reproducible flow rate or
pressure. 143, 146
Two sample injection systems in HPLC are as follows: injection valves or automatic
injection devices. Automatic injection devices are typically used to analyze up to 100 samples.
The sample is injected into the sample loop using a syringe, and it is mixed with the stream of
the mobile phase. Then, it passed into the column.143, 146
Two elution modes in HPLC are as follows: gradient and isocratic elution. In the gradient
elution mode, the composition of the mobile phase is varied. In the isocratic separation mode, the
composition of the mobile phase is maintained constant.149-150 Gradient elution exhibits
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advantages of a more rapid, better separation analysis, good reproducibility of retention times,
and a wide range of applications due to the possibility of separating compounds with different
polarities, molecular weights, and functionalities142, 151
Analyte detection is accomplished by using a detector with high sensitivity, a universal or
a specific response, a wide linear range of dynamics, and a stable temperature and flow rate.
Several detectors can be used in HPLC, including ultraviolet–visible (UV–vis), fluorescence,
refractive index, and electrochemical detectors.149 Typically, the UV–vis absorbance detector is
used in HPLC as several compounds of interest absorb in the UV (or visible) range.152
UV–Visible Double Beam Spectrophotometer
Spectrophotometry is the quantitative measurement of the interaction of light with
materials.153 A spectrophotometer is a device that is utilized for measuring the absorbed light
intensity as a function of wavelength. In UV–vis spectrophotometers, a light beam is transmitted
from a UV and/or a visible light source via a prism or a diffraction grating monochromator. The
light is passed through the sample to be measured before it reaches the detector. The UV–visible
spectrophotometer is composed of five components: a light source, a monochromator, a sample
holder, an interpreter, and a detector (Figure 12).
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Figure 12. Schematic of a UV–visible double beam spectrophotometer, comprising a light
source, diffraction grating, monochromator, sample, reference, and detector.154
The standard light source contains a deuterium arc (190–330 nm) and a tungsten filament
lamp (330–800 nm). These two lamps generate a light beam that crosses the 190–800 nm
spectral range. In the double-beam spectrophotometer, after the light passes through the
monochromator, it is divided into two beams. One beam is used for the sample, while the other
beam is used for reference measurement. This configuration is beneficial because it can be
employed for simultaneously measuring the sample and reference, and the measurement is
independent of the difference in the intensity and light source spectral composition.154
Olympus microscope Imaging
A compound light microscope is an optical instrument that utilizes visible light to create a
magnified image of an object or specimen, which is projected onto the retina of an eye or an
imaging device. The word compound refers to the presence of two lenses: objective lens and
eyepiece (or ocular lens). Both lenses work together to afford the final magnification M of the
image.
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A compound light microscope comprises different components. Its main components
include an eyepiece, an objective lens, a stage, a condenser lens, a condenser diaphragm, a
condenser focusing knob, a field stop diaphragm, a specimen focusing knob, and a light source.
Figure 13 shows the compound light microscope.
The compound light microscope comprises two key components that are responsible for
image formation: objective lens and condenser lens. The objective lens collects light diffracted
by the specimen and forms a magnified real image, which can be at a real intermediate image
plane near the eyepieces or oculars. The condenser lens focuses light on a small area of the
specimen from the illuminator.155
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Figure 13. A typical compound light microscope, showing the location of the specimen focus
knob, condenser focus knob, and collector lens focus dial on the lamp housing, as well as the
location of two iris diaphragms: the field stop diaphragm at the illuminator and the condenser
diaphragm at the condenser’s front aperture.155
Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) is employed to analyze the microstructure and chemistry
of various materials. The basic components of the SEM include a source of electrons,
electromagnetic lenses to focus electrons, electron detectors, sample chambers, a computer, and
displays (Figure 14). Electrons are emitted at the top using an electron gun, which are
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accelerated down the column. The electrons pass through the lenses and apertures, which focus
the beam down toward the sample. The electron beam scans the sample surface under vacuum,
which provides information about a defined area of the sample. The emitted electrons are
collected by a detector and converted into a signal, which is used to produce an image.156

Figure 14. Components of a scanning electron microscopy (SEM) system. SEM comprises an
electron source that produces an electron beam toward the specimen. The beam travels through
the lenses, which control the electron beam. The specimen is manipulated by sample chambers,
which can place the specimen at different angles and move it in all directions. SEM comprises
different detectors, such as a secondary electron (SE) detector and a backscattered electron
(BSE) detector.156
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Microbes and Chemicals
Shewanella oneidensis MR-1 microbes were purchased from the Global Bioresource
Center (ATCC) as a frozen culture. Microbiology-grade tryptic soy broth (TSB) growth medium
was purchased from Sigma-Aldrich (Table1). Calcium chloride (CaCl2), lead chloride (PbCl2),
cadmium chloride (CdCl2), and magnesium dichloride (MgCl2) were purchased from SigmaAldrich. Isopropyl alcohol (70% in H2O), glutaraldehyde solution, pH7.0 phosphate buffer, and
glycerol solution were purchased from Sigma-Aldrich. An indium tin oxide (ITO) glass slide was
purchased from Thin Film Devices, Inc. The reference electrode (RE) Ag/AgCl was purchased
from BASi. Sterilized vials of 1 mL were purchased from Fisher Scientific. Nanopure deionized
water (DI, Barnstead Nanopure II) with a conductivity of 18 MΩ/cm3 was used to prepare all
solutions.
Table 2. Composition of Tryptic Soy Broth (TSB) media (per liter).
Component

Composition (g)

Tryptone

17

Soytone

3

Glucose

2.5

Sodium Chloride

5

Potassium Phosphate Dibasic

2.5
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Preparation of bacteria and culture condition
Shewanella oneidensis MR-1 (MicroBiologics Inc.) cultures were grown from a
previously prepared stock that was kept frozen at -80 °C in 1-mL vials. The stock was prepared
by mixing 500 µL of the culture and 500 µL of a 20% glycerol solution. A micropipette was used
to measure the sample, and the tips were autoclaved. The stock was then frozen at -80 ° C until
it was used.
A TSB solution was prepared by dissolving 30 g of dehydrated TSB powder in 1 L of DI.
This solution was then autoclaved and cooled. The TSB solution was kept in a sealed 1-L bottle
until use. TSB was chosen as one of the less nutrient-rich laboratory media, compared to another
nutrient-rich media, such as brain heart infusion (BHI) or Luria-Bertani (LB). TSB culture
medium is widely used in biofilm investigations.157-158
First, 1 mL of stock (Shewanella oneidensis MR-1) was added to 100 mL of TSB,
followed by purging with N2 for 1 h and incubation at 30 °C for 9 h until reaching a cell optical
density of 0.2 at 650nm (OD650). The optical density of 0.2 was chosen because the bacteria grow
rapidly during the exponential phase, and the growth rate exceeds the death rate. All cultures
were grown in 250-mL Erlenmeyer flasks. The spectrophotometer (VMR UV6300PC doublebeam) was set at 650 nm to measure the OD of the culture solution before harvesting.
Then, the culture was subjected to centrifugation at 5000 rpm for 10 min, and the
resulting cell pellets were resuspended in TSB with different concentrations of CaCl2, PbCl2,
CdCl2, and MgCl2 (50,100, 200, 400, 600, and 800 µM). They were dissolved in 1 L of DI, and
this mixture was autoclaved and cooled, followed by purging with N2 for 1 h. Next, three
triplicates were placed in an ice bath for 1 h before being used for electrochemical experiments.
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Electrochemical cell setup and measurements
The electrochemical cell setup comprises a three-electrode system: a working electrode
(ITO), a reference electrode (Ag/AgCl), and a counter (Pt) electrode. The electrochemical cell
was made from Delrin plastic (Abbott Development Shop). A metal oxide, such as indium tin
oxide (ITO), has been chosen as the electrode surface for examining microbial adhesion.159
Bacteria are known to attach to natural metal oxides.160
The electrochemical cell uses a total area of 9x2 cm2 ITO glass slide (Thin Film Devices,
Inc.). The exposed area of the ITO glass slide in contact with the analyte was 4.5 ´ 1 cm2.
Ag/AgCl (BASi Inc) was placed between the ends of the counter electrode (CE). A platinum
wire (Pt) was parallel to the ITO glass slide surface. This electrochemical cell was able to hold
11 mL of the solution. The ITO glass slide was cleaned with 70% isopropyl alcohol before use,
which was installed into the electrochemical cell. Figure 15 shows an image of the
electrochemical cell.
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Figure 15. Electrochemical cell setup with a three-electrode system: working (ITO), reference
(Ag/AgCl), and counter (Pt) electrodes.
A microbial sample was pumped in via Tygon tubes. The pump was stopped after the cell
was filled with the microbial sample. The incoming and outgoing Tygon tubes were clamped
shut by a tube space of 37 cm filled with the culture. The system was left for a loading of up to 2
h (BASI Epsilon) at an applied potential (potential step chronoamperometry (PSCA)) of +0.2 V
vs. Ag/AgCl with continuous current sampling at 1-min intervals. After the 2-h period, six
sequential cyclic voltammograms were recorded. CV comprised an initial negative potential scan
at a rate of 5 mV/s applied between the initial potential Ei of +0.2 and the switching potential Esw
of -0.5 V vs Ag/AgCl.159
Olympus microscope imaging procedure
After the electrochemical experiment, the ITO slide was removed from the
electrochemical cell and dried in air. The ITO slide was placed in a vertical drying position to
minimize the pooling and drying of unattached microbes, followed by imaging using
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an Olympus Compound Microscope BH2-RFCA by employing confocal microscopy. The NIH
(National Institutes of Health) ImageJ program was used to count the percentage of bacteria
covered on the electrode surface.
Scanning electron microscopy (SEM) and images processing
Shewanella oneidensis MR-1 cells attached to the ITO electrode were imaged by SEM
(HITACHI, SU3500). After conducting electrochemical experiments, the ITO electrode was
removed from the electrochemical cell and fixed with a 2.5% glutaraldehyde solution for 2 h.
Fixed cells were washed three times with phosphate buffer (pH 7.0, 50 mM), dehydrated by a
series of ethanol solutions (60, 70, 80, 90, 95, and 100%), and then dried in air.161-163
Analysis of glucose consumption and riboflavin production by HPLC
Instrumentation
Glucose consumption and riboflavin production were analyzed on an Agilent
Technologies 1100 Series (HPLC) system. HPLC comprised a quaternary pump, an autosampler,
a C18 analytical column YMC-Pack ODS-AQ (250 mm ´ 4.6 mm, 5 µM), and an ultraviolet–
visible (UV–vis) detector. Derivatization reactions were performed on a Barnstead/Thermolyne
Type 17600 Dri-Bath. Glucose was centrifuged on a Beckman Model J2-21 centrifuge, whereas
riboflavin was centrifuged on a Marathon thermo IEC 21000R Model 120 centrifuge.
Chemicals and Reagents
ACS-grade glucose standard was purchased from Fisher Chemicals. The derivatization
reagent 1-phenyl-3-methyl-5-pyrazolone (PMP), sodium hydroxide (NaOH), hydrochloric acid
(HCl), chloroform, ammonium acetate (buffer), triethylamine, acetic acid, and a cellulose filter
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membrane (0.22 µM) were purchased from Sigma-Aldrich. HPLC-grade acetonitrile as the
mobile phase was purchased from Fisher Chemicals. Riboflavin standard was purchased from
Sigma-Aldrich (≥ 98% purity). Nanopure deionized water (DI, Barnstead Nanopure II) with a
conductivity of 18 MΩ/cm3 was used to prepare all solutions.
Chromatographic method conditions and sample preparation of glucose consumption
Glucose consumption was analyzed by the HPLC/PMP derivatization method reported by
Zhang et al.164 using a YMC-Pack ODS-AQ (250 mm ´ 4.6 mm, 5 µm) column. Two solvents
were used as the mobile phase for HPLC analysis: Solvent A comprised 0.4% triethylamine in a
20 mmol/L ammonium acetate buffer solution (pH 6.30 with acetic acid)–acetonitrile (9:1).
Solvent B comprised 0.4% triethylamine in a 20 mmol/L ammonium acetate buffer solution (pH
6.30 with acetic acid)–acetonitrile (4:6). HPLC was monitored at 245 nm at a temperature of 25
°C and a flow rate of 1.0 mL. The injection volume was 5 µL. The gradient was 10%–14% in 9
min and 14%–64% from 9 min to 30 min, with an isocratic hold of 64% in the next 5 min.
Anodic culture suspensions were removed from the electrochemical cell during each
experiment. The aliquots were subjected to centrifugation at 5000 rpm for 10 min. PMP–glucose
was prepared by the reaction of 100 µL of a supernatant added to 100 µL of 0.5 M of PMP and
100 µL of 0.3 M of sodium hydroxide (NaOH). The mixture was incubated at 70 °C for 30 min.
After derivatization, the reaction mixture was neutralized at 8°C with 0.3 M HCl, followed by
the addition of 1 mL of chloroform to the solution. The solution was subjected to vortexing and
centrifugation at 5000 rpm for 10 min at 6°C. The chloroform layer was removed, and the
aqueous layer was extracted twice with chloroform. The final aqueous layer was injected into the
HPLC.
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Chromatographic method conditions and sample preparation of riboflavin production
Analysis of riboflavin production was performed according a previously reported method
with some modifications.99 A C18 analytical column YMC-Pack ODS-AQ (150 mm ´ 4.6 mm, 3
µM) was used as the HPLC column. The temperature and injection volume were 40 °C and 5 µL,
respectively. The eluents comprised water and 50% acetonitrile at a flow rate of 1.0 mL min-1.
The HPLC profile was monitored at 266 nm.
The culture suspensions were removed from the electrochemical cell after six CVs of each
experiment were recorded. The total amount was subjected to centrifugation (5000 rpm for 5
min). The supernatants were filtered using a 0.22 µM cellulose membrane and then injected for
HPLC analysis.

CHAPTER THREE
RESULTS AND DISCUSSION
This chapter provides a detailed description of the results and discussion on the
measurement of the current output by controlled potential electrolysis, scanning electron
microscopy (SEM) imaging, and measurement of the percentage area coverage by Olympus
compound microscopy, cyclic voltammetry (CV), and charge (Q) measurements, as well as
research hypotheses, analyses of glucose consumption and riboflavin production by HPLC, and
analysis of riboflavin production and glucose consumption via metal-ion enhancement in this
Ph.D. project.
Metal Ion Effect on Shewanella oneidensis MR-1 Loading and Electrochemical Behavior at
an ITO Electrode
Measurement of the current output via controlled potential electrolysis
Shewanella oneidensis MR-1 samples were injected into the electrochemical cell for a
two-hour anodic loading period at the potential of +0.2 V vs. Ag/AgCl. The net current density
was monitored during the loading process. Figure 16(a), shows a typical loading current density
vs. time with blanks (no bacteria) tryptic soy broth (TSB) only, TSB with metal added, control
(TSB with bacteria), and Cd2+ ion addition. Addition of new food source, as anticipated, allowed
proliferation of the bacteria, Figure 16(b).
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Figure 16. A typical loading current density vs. time. (a): the gray (TSB only) and red (TSB with
metal ion added) lines are for blanks. The black line is for the control (TSB with bacteria). The
green line is for Cd2+ addition. (b): Cd2+ experiment with an addition of 12 ml of TSB.
Figure 16(a) shows measurable features related to attachment. A rapid decay of current
(Figure 16(a), feature 1) is associated with surface charging. This occurs within the first five
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seconds. Feature 2 (lag phase of time (tlag) with a nearly constant lag current (ilag)) has been
observed elsewhere. Feature 3 is the maximum anodic loading currents density that occurs after
the lag period grows. Feature 3 is followed by a decrease in current production. The drop can be
altered by the addition of food source, Figure 16(b).
Figure 17 shows the effect of addition of metal ions Mg2, Cd2+, Pb2+, and Ca2+ on start-up
time and maximum loading current density compared to the control. It can be observed that both
the concentration of metal ion and the species of the metal ion are important factors in altering
the electrochemical behavior. An increase in the metal ion concentration decreased the start-up
time and increased maximum loading current density. The type of ion also had a significant
impact on start-up time and maximum loading current density compared to the control.

Figure 17. Start-up time (dashed line) and maximum loading current density (solid lines) vs.
metal ion concentrations of Mg2+, Cd2+, Pb2+, and Ca2+ for Shewanella oneidensis MR-1.
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An increase in the metal ion concentration decreased the start-up time. This may be
related to adhesion. The data show decreased start-up time consistent with literature experiments.
The start-up phase depends on a a) electrochemical cell construction, b) substrate (i.e. glucose vs
acetate), c) electron acceptor (fumarate, Fe3+, O2), and d) ionic strength.165 For example (a), to
reduce the start-up time Zhang et al.166 used a glass fiber separator in MFC, as it has a low
oxygen transfer coefficient and a low charge transfer resistances. Zou et al.167 reported a much
faster start-up rate for polymerized riboflavin (RF) onto carbon cloth (CC) electrode. In (d) the
ionic strength can alter cell attachment by indirect means (see below). The addition of a metal
ion concentration at 800 µM decreased the start-up times to 88 ± 1.00 s, 78 ± 3.60 s, 64 ± 4.16 s,
and 45 ± 1.53 s for Mg2, Cd2+, Pb2+, and Ca2+, respectively, compared to the control of 617 ±
7.57 s.
Scanning electron microscope (SEM) imaging
The addition of metal ion concentrations improved the initial biofilm formation and
increased the attachment of cells to the electrode. Bacterial adhesion to the ITO electrode was
observed by the scanning electron microscope (SEM) (Figure 18). Figure 18(a) the control
(TSB+Bacteria) shows that few bacteria are attached to the electrode surface in the presence of
growth media only. In contrast, the addition of Mg2+, Cd2+, Pb2+, and Ca2+ ions at 800 µM
increased the bacterial attachment to the surface of the electrode Figures 18(b)-(e).
Measurement of the percentage area covered by Olympus compound microscopy
Olympus compound microscopy was used to measure the percentage surface covered by
Shewanella oneidensis MR-1. The National Institutes of Health (NIH) ImageJ program was used
to count the percentage coverage of cells attached to the electrode. ITO surface coverage was
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significantly enhanced by the addition of metal ions Mg , Cd , Pb , and Ca compared to the
2+

2+

2+

2+

control. The control resulted in a total of 10 ± 0.86% surface area coverage. The surface area
coverage increased over the control to approximately 51.6 ± 0.25% for Mg2+, 64.7 ± 0.94% for
Cd2+, 70.2 ± 0.45% for Pb2+, and 78.5 ± 1.28% for Ca2+ at an ion concentration of 800 µM, as
shown in Figure 19.
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Figure 18. SEM of ITO electrode after an experiment for Shewanella oneidensis MR-1. (a) at
control (TSB+Bacteria) and ((b), Mg2+; (c), Cd2+; (d), Pb2+; and (e), Ca2+) at 800 µM
concentrations.
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Figure 19. Olympus Compound Microscope BH2-RFCA of ITO electrode after an experiment
for Shewanella oneidensis MR-1. (a) at control (TSB+Bacteria) and ((b), Mg2+; (c), Cd2+; (d),
Pb2+; and (e), Ca2+) at 800 µM concentrations.
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Effect of metal ions on current generation by Shewanella oneidensis MR-1
There is a direct relationship between maximum loading current density and bacterial
coverage at the electrode surface (Figure 16(a), Feature 3). Figure 20 shows the average of
triplicate maximum loading current density vs % bacterial coverages. The relationship between
maximum loading current density and % bacterial coverages increases linearly (R2 = 0.99). Once
attached, at the same % coverage, the same linear maximum loading current density is observed
between all metal ions. The effect is not metal ion-specific. F test values are larger than 0.05
showing that this relationship.

Figure 20. Maximum loading current density vs. percentage of Shewanella oneidensis MR-1
coverage at control (TSB+Bacteria) and Mg2, Cd2+, Pb2+, and Ca2+ metal ion concentrations.
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The metal ions, however, also show a specific effect on loading current. The maximum
loading currents density obtained (for coverages at 800 µM) for Mg2+ was 1.69 ± 0.02,
approximately 2.25 times higher than that of the control; for Cd2+ it was 2.15 ± 0.03, which is
approximately 3.13 times higher than that of the control; and for Pb2+ it was 2.38 ± 0.02,
approximately 3.58 times higher than that of the control. For Ca2+ 2.65 ± 0.02, it was
approximately 4.09 times higher than that of the control. F tests show that these values were
significantly different.
Cyclic Voltammetry (CV) and Charge (Q) measurements
A second set of electrochemical data belongs to cyclic voltammetry obtained after
electrode loading at +0.2 V vs Ag/AgCl for two hours. The first of 6 CVs are shown in Figure
21. The TSB only and metal ion blanks show no discernible peaks, as expected. It is observed
that the reduction peak current is increased over the control when Mg2+, Cd2+, Pb2+, and Ca2+ are
added. The CV shows redox peaks with a midpoint potential of -0.17 V and consistent with the
outer membrane Cyt-c, which had a potential range of -0.27–0.13V.9, 67 The shape of the CV
suggests an adsorbed species.159, 168-169 In the cyclic voltammetry, the highest reduction peak
current density obtained for Ca2+ was 4.16 ± 0.13 µA/cm2, while for Pb2+, Cd2+, and Mg2+, it was
3.70 ± 0.13 µA/cm2, 2.90 ± 0.12 µA/cm2, and 2.27 ± 0.12 µA/cm2, respectively; this is compared
with the control of 0.99 ± 0.09 µA/cm2. These results were consistent with those of the controlled
potential electrolysis experiments shown in Figure 16.
The integrated peaks area under the reduction peak gives the amount of material that
attached to the electrode surface (equation 16).
Q(C) = nFN

(16)
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where (n) is the number of electrons transferred per molecule, (F) is Faraday’s constant (96,485
C·mol−1), and N is the amount of material electrolyzed in moles of either and or both the outer
membrane cytochrome and the mediator flavin. Total Q should be related to the percent
coverage.

Figure 21. Cyclic voltammetry after electrode loading at +0.2 V vs Ag/AgCl for two-hours of
Shewanella oneidensis MR-1. The gray (TSB only) and red (TSB with metal ion added) lines are
for blanks. The black line is for the control (TSB with bacteria). The orange, pink, blue and
green lines represent metal ion of Mg2+, Cd2+, Pb2+, and Ca2+ concentrations at 800 µM,
respectively.
In Figure 22, the Q value obtained for the control (TSB+Bacteria) was equal to 78 ±
4.29µC. The Q values for Mg2+, Cd2+, Pb2+, and Ca2+ were found to be 216 ± 1.89, 260 ± 1.5,
296 ± 2.47, and 346 ± 2.89 µC, respectively. Consistent with Figure 20, the increase in the
measured cathodic peak charge vs. percentage of Shewanella oneidensis MR-1 coverage was
linear (R2 = 0.99) for each metal (Figure 22). There is a slight difference in linearity as measured
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by the slope on charge and the type metal ion. F ratio values are less than 0.05 indicating that
there is a difference in the slopes between charge and % bacterial coverage. Above it was
concluded when the cells are attached to the electrode surface, at a given total surface coverage,
current output is non-specific between metal ions. Here it is noted that the ability to accept a
charge (cathodic process) is slightly a metal ion-specific.

Figure 22. The cathodic peak charge vs. percentage of Shewanella oneidensis MR-1 coverage at
control (TSB+Bacteria) and Mg2+, Cd2+, Pb2+, and Ca2+ metal ion concentrations.
Research discussion
There are several hypotheses related to the increase in the metal ion concentration could
increase bacterial attachment. Firstly, Shewanella surfaces are negatively charged at pH 7170 due
to EPS structural anionic groups. Non-specific electrostatic forces may be applicable.
Researchers have applied classical Derjaguin, Landau, Vervey, and Overbeek (DLVO) double
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layer theory to describe bacterial attachment to inorganic surfaces. The classical DLVO theory is
described as the net interaction between a cell and a flat surface, which results from attractive
van der Waals interactions and repulsive interactions between the electrical double layer of the
cell and the substratum.106 Choi et al.115 studied the attachment and detachment of bacteria
during various ionic strengths by using quartz sand surface. They found that increasing the ionic
strength of the solution increased attachment. Similarly, Loosdrecht et al.117 adhesion at
polystyrene surfaces increased with increasing ionic strength of the electrolyte.
However, the theory does not adequately describe all of the observed behavior. Rijnaarts
et al.112 attempted to apply classical DLVO theory by controlling for the ionic strength and found
only a moderate adherence to the theory. Rijnaarts et al.112 study of bacterial adhesion on Teflon
and glass surfaces hydrophobicity found different behavior at low ionic strength (0.001 M) and
high ionic strength (0.1 M). At low ionic strength attachment was inhibited by DLVO-type
electrostatic repulsion, but at high concentration attachment was controlled by steric interactions.
We also found that classical DLVO theory failed to explain all the data in two ways.
Firstly, ionic strength was held constant (0.09 M), which should have resulted in no alteration of
adhesion. DLVO theory would suggest that at similar concentrations there would be no effect in
changing the cation species. Thus, like Rijnaarts classical DLVO theory was found insufficient
to explain the results.
Secondly, DLVO theory can be altered by considering the hydrophobicity. Extracellular
polymeric substance (EPS) is an important component in controlling the hydrophobicity of the
bacterial cell surface. Tsuneda et al.171 reported that if the amount of EPS is small, cell adhesion
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onto solid surfaces is inhibited by electrostatic interaction, and if the amount of EPS is large, cell
adhesion is promoted by polymeric interaction.
An explanation for the results relates to metal ion binding within the EPS. Metal ions are
known to bind to EPS172-173 and, therefore, likely affect the properties of the EPS. EPS on the
bacteria may extend through the barrier into a region where attraction can dominate. As an
example, Redman et al.174 suggested that when the bacteria have attached from the pili or
flagellum that can occur across the barrier when the microbe lies within the secondary minimum.
Different adhesion effects result when the configuration of EPS is either tight or loose.
In addition to the interaction of metal ions with EPS Wei et al.126 have found carboxyl
and phosphate groups were mostly responsible for Cd2+ adsorption on bacterial cells and affect
the affinity between the bacterial cells and metal ions. Dobrowolski et al.175 found vibration band
alterations associated with carboxylic acids and alcohols when Cd2+ and Pb2+ were bound
extracellular substances obtained from bacteria. These effects are, in the literature, also predicted
to be non-specific and related to trends in hydrated ionic radii, hydrated radii, and hydration
energies.176-177
Thirdly, a supplemental explanation for the differences between metal ions is the impact
of their water of hydration on binding to the EPS sites. This mechanism varies based on ion size
and charge, and coordination with water. As predicted, for a non-specific electrostatic
mechanism, attachment increases with ionic radii, Figure 23. Mg2+, Cd2+, and Ca2+ follow the
expected trend well. For these ions, bacterial coverage is linear with ionic radii (R2 = 0.99). As
expected, Ca2+ results in the highest current density. Pb2+ is out of sequence between Mg2+, Cd2+,
and Ca2+.
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Figure 23. % bacterial electrode coverage vs Ionic radii (Å) of Mg2+, Cd2+, Pb2+, and Ca2+ metal
ions.
Inclusion of Pb2+ into the sequence resulted in a significantly poorer correlation
between % bacterial coverage and ionic radii (R2 = 0.79). This difference may be related to
alterations in valence shell electrons. The structure of the hydrated Pb2+ ion is affected by the
lone electron pair, which is giving complex hemi-directed in aqueous solution.178
Analysis of Glucose Consumption and Riboflavin Production from Shewanella oneidensis
MR-1 by Using HPLC
Analysis of glucose consumption by HPLC
Glucose is a major source of both carbon and energy for bacteria. The ability of
Shewanella to consume glucose has been debated in the literature. Choi et al.179 and Howard et
al.180 have reported that Shewanella oneidensis MR-1 can utilize glucose as a carbon source.
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Tryptic soy broth (TSB) is a growth medium for microorganisms, which is composed of 2.5 g of
glucose as a source of both carbon and energy for microorganisms.
Monosaccharides cannot be directly identified by absorption due to the lack of
chromophores in their molecular structure.164 Honda et al.181 were the first to propose the
development of 1-phenyl-3-methyl-5-pyrazolone (PMP), a pre-column derivative reagent that
provides a high yield for high absorbent single derivatives. The Honda method includes a
derivatization reaction of glucose with PMP to form a PMP reducing sugar (Figure 24).

Figure 24. Formation principle of the glucose–PMP derivative by the reaction of PMP with
glucose.
The RP-HPLC method proposed by Zhang et al.164 has been applied for the determination
of PMP-glucose, which has been found to be accurate due to the absence of excipient
interference during separation. Concentrations of glucose standards and glucose consumed by
microbial samples were measured. The PMP-glucose standard was prepared in different
concentrations of 0.5, 1.0, 1.5, 2, and 2.5 g/L. After the conversion of glucose to PMP-glucose, 5
µL was injected into the HPLC system for triplet experiments. The peak area of PMP-glucose
(intensity mAU) was analyzed and plotted against the retention time (min). Figure 25 shows the
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analysis of the PMP-glucose standard by HPLC at a short retention time of approximately 16.826
min.

Figure 25. Chromatogram showing the separation of PMP-glucose from a microbial sample
supernatant at 16.826 min, and the peak corresponding to PMP residues is observed at 10.313
min.
Different sets of microbial samples were derivatized in the same manner as that
performed for the glucose standard samples. The supernatants of microbial samples including
bacteria without the added metal ions and bacteria with added metal ions, such as Ca2+, Pb2+,
Cd2+, and Mg2+, were injected into the HPLC system for triplet experiments. The retention time
was 35 min for the complete reaction. By HPLC analysis, the peak area of PMP-glucose was
observed at a short retention time of approximately 16.806 min (Figure 26).
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Figure 26. Chromatogram showing the separation of PMP-glucose from a microbial sample
supernatant at 16.806 min, and the peak corresponding to PMP residues is observed at 10.104
min.
To validate any analytical procedure, it is imperative to determine the linearity of the
calibration curve.182 A set of experiments with the different concentrations of glucose standards
were performed, followed by HPLC analysis. Linearity was measured on the basis of the
relationship between the peak area of the compound and its concentration. Typically, to
investigate linearity, five concentrations of glucose standard solutions covering the range of 0.52.5 g/L are required to obtain a regression line of the calibration curve. The 2.5 g/L concentration
of glucose is the expected glucose concentration of a microbial sample. The coefficient of
determination (R2) was 0.99, satisfying the criterion of ≥ 0.99. The results demonstrated good
linearity between the peak area and glucose standard solution concentrations (Figure 27).
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Figure 27. Calibration curve for the glucose standard solutions consumed in the microbial
samples in the range of 0.5–2.5 g/L on the HPLC system.
Analysis of riboflavin production by HPLC
Production of riboflavin by various bacteria can be affected by several factors, including
medium pH96, 183-184 and metal ions.99, 102 Riboflavin production was analyzed by using an HPLC
system. The wavelength at maximum absorbance (λmax) of riboflavin was selected by the
utilized UV–Vis Spectrophotometer. First, 0.5 µg/mL of the riboflavin standard was prepared
and scanned in the range from 400 to 190 nm. Figure 28 shows the absorbance spectrum of
riboflavin at two wavelengths in the visible and UV regions. The λmax values were 222 nm and
266 nm in the UV and visible regions, respectively. A wavelength of 266 nm for riboflavin was
selected which can enhance detection.
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Figure 28. UV–vis spectrum of riboflavin. Maximum absorbance values of 222 nm and 266 nm
were observed in the UV and visible regions, respectively.
Acetonitrile was selected as the eluting solvent for riboflavin analysis due to its water
miscibility, low viscosity, and elution efficiency. The mobile phase composition is one of the key
parameters for controlling and optimizing the separation of eluted compounds in HPLC.
Different sets of riboflavin standards of 0.5. 1, 1.5, 2, 2.5, and 3 µg/mL were prepared and
injected into the HPLC system. A good resolution and short run time were achieved after 5.639
min by using 50% acetonitrile (Figure 29).

62

Figure 29. Chromatogram showing the separation of riboflavin at 5.639 min in the standard
sample.
The supernatants of the microbial samples were prepared for bacteria without the added
metal ions and bacteria with added metal ions, such as Ca2+, Pb2+, Cd2+, and Mg2+. First, 5 µL of
the sample was injected into the HPLC system for triplet experiments. The retention time was 10
min for the complete reaction. By HPLC analysis, the peak of riboflavin in the microbial sample
was observed at a short retention time of approximately 5.639 min (Figure 30).
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Figure 30. Chromatogram showing the separation of riboflavin at 5.639 min in the microbial
sample supernatant.
Limit of detection (LOD) is the lowest concentration of an analyte in a sample that can be
measured and distinguished from zero or the noise level of the system. Limit of quantification
(LOQ) is the lowest analyte concentration in a sample that can be determined with an acceptable
precision and accuracy under experimental conditions. LOD and LOQ can be measured on the
basis of the signal-to-noise ratio of the analyte, affording a response 3 and 10 times greater than
the noise level of the detection system respectively.185 The lowest LOD and lower LOQ of
riboflavin in solution were determined. LOD and LOQ were estimated to be 0.01 µg/mL and
0.05 µg/mL, respectively (Figure 31). LOD and LOQ values were estimated by triplicate
injections.
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Figure 31. Calibration curve showing the limit of detection (LOD) and limit of quantification
(LOQ) for riboflavin concentrations.
The linearity of the calibration curve was determined by six concentrations in the range
from 0.5 to 3 µg/mL of riboflavin standards. Different concentrations of riboflavin standards
were injected into the HPLC system for triplicate experiments. The calibration curve exhibited a
good linearity for the method, which was verified by R2 ≥ 0.99. Figure 32 shows the calibration
curve of six concentration ranges of riboflavin.
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Figure 32. Calibration curve for the riboflavin standard solutions produced in the microbial
samples in the range of 0.5–3 µg/mL on the HPLC system.
Effects of metal ions on metabolism
Final hypothesis, metal ions may affect the metabolism of the bacteria. Cd2+ is known to
be far more toxic than Pb2+. As the minimal inhibitory concentration (MIC) is 0.5 g/cm3 for Cd2+
compared to 5.0 g/cm3 for Pb2+. The effect is suggested to be a metabolic one in Cd2+ where Cd2+
interferes with both Ca2+ and Zn2+ related sulfhydryl group.127
In order to check metabolism, several experiments were performed. First, the optical
density (O.D.) was measured from the extracted volume of growth media in the electrochemical
cell (Figure 33). There is no observed difference in the optical density from the beginning to the
end of the experiment between metal ions. This suggests that there is no toxic effect inhibiting
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microbial growth in solution. This is despite the difference in minimum inhibitory concentration
(MIC) for the metal ions.
Second, HPLC was utilized to measure the glucose consumed during the electrochemical
experiment (Figure 33). Glucose consumption was dependent on the type of metal ions in the
cultures. Glucose concentrations found in solutions of 800 µM Mg2+, Cd2+, Pb2+, and Ca2+ were
0.45 ± 0.10, 0.67 ± 0.15, 0.85 ± 0.06, and 1.53 ± 0.15 g/L, respectively. These values were much
higher than those consumed by the control, 0.14 ± 0.05 g/L. Fitzgerald et al.102 found that the
lactate consumed was independent of the concentration of CaCl2 in the medium.
Third, riboflavin production was monitored. Extracellular electron transfer (EET)
efficiency is considered to be the limiting parameter that determines the performance of a
microbial fuel cell (MFC).85 Electron shuttle mediators are one of the most important EET
pathways in MFCs. Electron shuttles facilitate the transfer of an electron between microbes, from
substances that donate electrons to microbes, and/or from microbes to substances that accept
electrons.45, 96, 186-187 Riboflavin has been identified as an indirect extracellular electron transfer
(EET) mediator, serving as an electron shuttle for the EET of Shewanella oneidensis MR-1 in
MFCs.45, 96, 188 There is a difference between metal ions which may be metabolitic.102, 189 Xu et
al.99 found that the riboflavin was increased with Cu2+ and Cd2+ (1.78 and 1.73 µM) compared to
the control (1.46 µM). The concentration of riboflavin was measured by HPLC (Figure 33).
Riboflavin concentrations found in solutions of 800 µM for Mg2+, Cd2+, Pb2+, and Ca2+ were 2.28
± 0.10, 3.08 ± 0.15, 4.27 ± 0.06, and 6.23 ± 0.13 µM, respectively. These values were much
higher than those produced by the control, 0.26 ± 0.06 µM.
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Figure 33. Cell density on exit of electrochemical cell (blue), glucose consumption (orange), and
riboflavin production (green) vs. control (TSB+Bacteria) and Mg2+, Cd2+, Pb2+, and Ca2+ metal
ion concentrations at 800 µM for Shewanella oneidensis MR-1.
As riboflavin is a mediator for electron transfer, increased riboflavin product should
increase electrochemical activity of the bacteria. The trends were consistent with all of the
electrochemical trends observed above. Both sets of experiments indicate that glucose
(consumed) and riboflavin (produced) follow the same trends in the electrochemical behavior
shown above.
The results implied that metal ions Mg2+, Cd2+, Pb2+, and Ca2+ enhanced bacteria
attachment to the electrode surface and that might, in part, contribute to current output
improvement. There are other factors related to the current output. For example, cellular
metabolism and activity of electron transfer chain (e.g., c-type cytochrome). These factors might
be influenced by metal ions Mg2+, Cd2+, Pb2+, and Ca2+ and might play a role in current output
improvement.

CHAPTER FOUR
CONCLUSION AND FUTURE WORK
Conclusion
The aim of this Ph.D. project was to study the effect of metal ions on the eﬃciency of
bacterial extracellular electron transfer (EET) in Shewanella oneidensis MR-1. This was
achieved by enhancing bacterial adhesion to the ITO electrode surface to improve the current
output of microbial fuel cells. In this study, electrochemistry and analytical chemistry
technologies were used to evaluate the enhanced activity of the bacteria.
The study showed that the current output generated by Shewanella oneidensis MR-1 was
affected by the addition of metal ions. The initial surface coverage of the bacteria was measured
with respect to the start-up time, the maximum loading current density during the loading of the
ITO surface at +0.2 V, and the cyclic voltammetry peak current. Our results clearly reveal a
major difference in the attachment and behavior of Shewanella oneidensis MR-1 for Mg2+, Cd2+,
Pb2+, and Ca2+ compared with those observed for the control.
Major differences in the attachments were observed for the loading current
measurements. The start-up time was considerably decreased, and the maximum loading current
density considerably increased for Mg2+, Cd2+, Pb2+, and Ca2+ compared with that observed for
the control. The highest maximum loading current density at 800 µM was found to be 2.65 ±
0.02 (Ca2+), which was approximately 4.09 times higher; 2.38 ± 0.02 (Pb2+), approximately 3.58
times higher; 2.15 ± 0.03 (Cd2+), approximately 3.13 times higher; and 1.69 ± 0.02 (Mg2+)
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µA/cm approximately 2.25 times higher than that of the control. The lowest decreased start-up
2

times for 800 µM were found at 88 ± 1.00 (Mg2+), 78 ± 3.60 (Cd2+), 64 ± 4.16 (Pb2+), and 45 ±
1.53 (Ca2+), compared to the control of 617 ± 7.57 s. The addition of Mg2+, Cd2+, Pb2+, and Ca2+
led to the significant increase in the current output compared with that of the control.
As measured by SEM, confocal microscopy, and the cathodic peak charge in cyclic
voltammetry (Qpc), the final surface coverage of bacteria increases with the increase in the metal
ion concentrations. In the cyclic voltammetry, it was observed that the reduction peak current
density increased with the addition of 800 µM of Ca2+, Pb2+, Cd2+, and Mg2+ to 4.16 ± 0.13, 3.70
± 0.13, 2.90 ± 0.12, and 2.27 ± 0.12 µA/cm2, respectively, compared with the control (0.99 ±
0.09 µA/cm2). Increased metal ion concentrations increased the number of cells attached to the
electrode to a greater extent in the order Ca2+ > Pb2+ > Cd2+ > Mg2+ compared with the control.
Metal ion concentrations of 800 µM increased the surface area coverage by approximately 51.6 ±
0.25% for (Mg2+), 64.7 ± 0.94% (Cd2+), 70.2 ± 0.45% (Pb2+), and 78.5 ± 1.28% (Ca2+),
compared with the control (10 ± 0.86%).
The area under the reduction peak was used to determine the amount of material attached
to the surface as measured by the integrated peaks current. The cathodic peak charge values were
increased to 216 ± 1.89 (Mg2+), 260 ± 1.5 (Cd2+), 296 ± 2.47 (Pb2+), and 346 ± 2.89 (Ca2+) µC at
a higher concentration of 800 µM, whereas the control was found to be 78 ± 4.29 µC. The
relationship between cathodic peak charge and % bacterial coverages increased linearly (R2 =
0.99). There was a slight difference in slopes between the charge and % bacterial coverage.
These differences were indicated as statistically related to a metal ion-specific effect. This result
established that the addition of metal ions led to a more significant impact on bacterial cell
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attachment to the electrodes.
Metal ions have a non-specific effect on repulsion between the surface and bacteria, ionic
radii, and the structure of extracellular polysaccharides (EPSs). In this study, the ionic strength
was maintained constant, thus it should not have resulted in an alteration of bacterial adhesion to
the electrode’s surface.
Ionic radii are known to cause non-specific differences in the behaviors of bacterial
adhesion. Bacterial adhesion to an electrode’s surface increases with ionic radii. Bacterial
coverage for Mg2+, Cd2+, and Ca2+ was linear with ionic radii (R2 = 0.99). As expected, Ca2+
resulted in the highest current density, compared with Pb2+, Cd2+, and Mg2+. The Pb2+ was out of
sequence between Mg2+, Cd2+, and Ca2+ and resulted in a poorer correlation between % bacterial
coverage and ionic radii (R2 = 0.79). This difference may be due to the hydrated Pb2+ ion
structure influenced by the lone electron pair, which is giving complex hemi-directed in aqueous
solution.178
It was indicated that metal ions increased the anodic biofilm formation. Once attached, a
linear relationship was observed between the percentage of bacterial coverage and
electrochemical performance, which may have been related to alterations in the structures of the
extracellular polysaccharides (EPSs), as observed in the literature.126, 175
The effect of metal ions on glucose consumption and riboflavin production was analyzed
using an HPLC system. The HPLC chromatograms of glucose consumption and riboflavin
production showed peaks with good shape and stable retention time. Interfering peaks were
found at (16.81 min) for glucose consumption, whereas for riboflavin, they were found at (5.64
min) retention times. The obtained R2 values resulted the linearity being acceptable for glucose
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consumption and riboflavin production for the different concentration ranges tested. Good
linearity of glucose consumption and riboflavin production was confirmed according to the
coefficient of determination (R2 ≥ 0.99). The limit of detection (LOD) values for riboflavin were
approximately 0.01 µg/mL, whereas the limit of quantification (LOQ) values were approximately
0.05 µg/mL. These results demonstrate that metal ions have a specific effect on glucose
consumption, riboflavin production, and toxicity. Glucose consumption and riboflavin
production were enhanced by the addition of metal ions, which can affect the current output
generated by Shewanella oneidensis MR-1.
Heavy metals ions were expected to have a toxic effect on bacterial growth; however, in
this study, heavy metals had no effect on the optical density of the extracted solutions, which
indicated that the bacterial growth in the solutions was unaffected. Metabolic activity mirrored
the same order of activity for the electrochemical results.
Glucose consumption was found to be dependent on the type of metal ions present in the
culture’s solutions. Glucose concentrations obtained in solutions of 800 µM for Mg2+, Cd2+, Pb2+,
and Ca2+ were 0.45 ± 0.10, 0.67 ± 0.15, 0.85 ± 0.06, and 1.53 ± 0.15 g/L, respectively. These
values were much higher than those for the glucose consumed by the control of (0.14 ± 0.05
g/L). The concentrations of riboflavin in solutions of 800 µM were 2.28 ± 0.10 (Mg2+), 3.08 ±
0.15 (Cd2+), 4.27 ± 0.06 (Pb2+), and 6.23 ± 0.13 µM (Ca2+). These values were higher than those
produced by the control (0.26 ± 0.06 µM). Mg2+, Cd2+, Pb2+, and Ca2+ significantly increased the
current output compared with that of the control. These results suggest avenues of research on
the improvement of performance and operation of MFCs.
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Future work
The following recommendations are made for future research. Computational modeling
can be used to study the binding of metal ions to lipopolysaccharide (LPS). Molecular modeling
programs are one of the approaches used to study the behavior of metal ions that bind to the LPS.
This can be done via collaborations with the department of chemistry and biochemistry at Loyola
University Chicago, or with other labs at different universities or various corporate groups.
Molecular modeling is widely used to study the behavior of the molecular structures in
chemical or biological systems.190-191 Molecular modeling is a computerized work that applies
the laws of physics, supported by experimental data. This approach can be used to analyze atom
types and numbers, the nature of the bonds, bond lengths, angles, and dihedral angles, and
molecular energy. It can also be employed to determine electrostatic potentials and molecular
and biological properties, which are predicted for understanding the activity of the structure.191192

A molecular model for rough LPS can be designed based on structural information which
determined via experiments. Lins and Straatsma193 have designed an LPS model for
Pseudomonas aeruginosa, as shown in Figure 34. A single LPS molecule and a single
phospholipid molecule were replicated from the bacterial membrane exterior. The model could
start with this LPS structure as a gram-negative bacteria, or a new structure could be built for
Shewanella oneidensis MR-1. There are several steps in computational chemistry methods that
could be used to complete the set of force field parameters required for the molecular simulations
of the system. First, a molecular model for the LPS membrane can be built from single molecules
of LPS and a phospholipid chain. Second, Ca2+, Pb2+, Cd2+, and Mg2+ can be distributed near the
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structure to neutralize the original charge of the LPS unit. Third, an electrostatic model can be
used to calculate partial atomic charges for the complete LPS molecule. Fourth, molecular
dynamics simulations can be used with the rough LPS to analyze the energetic and structural
factors.

Figure 34. Molecular model of the rough lipopolysaccharide of Pseudomonas aeruginosa. (a)
The water layer. (b) The top of the sugars. (c) The yellow spheres are Ca2+ ions. (d) The
phospholipid layer. (e) Polar head groups immersed in water.193
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There are two important functional groups, the carboxyl and phosphate groups; these are
the most responsible for metal ions binding to LPS. Lins and Straatsma193 found that all Ca2+
ions’ coordination sites interact with phosphate groups on the LPS structure. One of the Ca2+ ion
coordination sites is coordinated with carboxyl groups, and another is interaction with hydroxyl
groups. The molecular modeling analysis of the rough LPS of Shewanella oneidensis MR-1 with
metal ions could provide further details about bacterial adhesion to the surface and a function of
the LPS membrane’s composition. Divalent cations lead to significant changes in
physicochemical behaviors, such as hydration, ionic valence, and the structure of the aggregates
of LPS membranes.194 Accordingly, the electrochemical results clarified that the Pb2+ was out of
sequence between Mg2+, Cd2+, and Ca2+ in the linear relationship between bacterial coverage
and the ionic radii. Through LPS modeling, it may be possible to determine if the Pb2+ results
lead to the same or different enhancement effects compared to electrochemical behaviors. This
may be due to the hydrated Pb2+ ion structure and how it is effected by the lone electron pair.178
Trivalent cations could also affect cell adhesion to the surface of an electrode and
enhance the current output generation from Shewanella oneidensis MR-1. Controlling the ionic
strength should make non-specific effects (e.g., ion size) minimal. Molecular modeling could be
performed simultaneously with electrochemical experiments in the laboratory.
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